The efficient delivery of foreign genes into postmitotic cells is becoming very important for studies of nervous system functions. Cultured sympathetic neurons synthesize neuropeptide Y (NPY) in addition to catecholamines, providing an experimental model for studying neuronal peptide biosynthesis.
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The efficient delivery of foreign genes into postmitotic cells is becoming very important for studies of nervous system functions. Cultured sympathetic neurons synthesize neuropeptide Y (NPY) in addition to catecholamines, providing an experimental model for studying neuronal peptide biosynthesis.
In this work, we have studied the biosynthetic processing of NPY in primary cultures of rat superior cervical ganglion (SCG) neurons. NPY activation is complex, requiring sequential actions of a prohormone convertase (PC), carboxypeptidase H, and peptidylglytine cu-amidating mono-oxygenase.
Northern analyses established that SCG neurons in the animal contain mRNAs for both PC1 and PC2, and simultaneous immunocytochemistry for NPY and PC1 or PC2 established a 1:l correspondence between NPY and PC2 expression in two thirds of the neurons that express NPY, both in the animal and in tissue culture. Biosynthetic studies on proneuropeptide Y (pro-NPY) processing to mature NPY established a close similarity to the rates seen in endocrine cells expressing PC2 and established clear differences between the patterns in SCG neurons and in endocrine cells expressing PC1 Recombinant adenoviruses were used to increase the level of PC1 in the cultured neurons from negligible to a level comparable with the level of PC1 in the anterior pituitary, and pro-NPY processing was markedly accelerated. When the viruses were used to lower the endogenous PC2 levels, using an antisense construct, pro-NPY processing was retarded. Taken together, these results support a major role for PC2 as the pro-NPY converting enzyme, and they establish the cultured SCG neurons as a model to study neuronal peptide biosynthesis.
Key words: neuropeptide Y; prohormone convertase 2; superior cervical ganglion; adenovirus; temperature block; AtT-20; GH3; antisense Tissue culture of dissociated superior cervical ganglion (SCG) neurons has proven to be an excellent model for studying transmitter phenotype plasticity in response to the cellular environment (Landis, 1994) . In culture, these neurons exhibit their distinctive morphology with appropriate compartmentalization of several marker proteins (Higgins et al., 1988) . Like most neurons, SCG neurons express multiple transmitters. These neurons are noradrenergic and also express neuropeptides such as neuropeptide Y (NPY), enkephalin, somatostatin, vasoactive intestinal peptide (VIP), and substance P (SP) (Marek and Mains, 1989, 1990; Nawa and Sah, 1990) . Sympathetic neurons have at least two classes of secretory vesicles: small dense-core vesicles (SDCVs) and large dense-core vesicles (LDCVs) (Landis, 1978) . SDCVs are specialized catecholaminergic vesicles, responsible for fast signaling in the nervous system (Scheller, 1995) . LDCVs store and secrete catecholamines and peptide neurotransmitters such as NPY; they can be seen as the neuronal equivalent of endocrine secretory granules. NPY is a highly conserved 36-amino-acid amidated peptide. In SCG neurons, it produces a presynaptic dose-dependent reduction in the release of norepinephrine and modulates a variety of postsynaptic targets (Dumont et al., 1992; Wahlestedt and Reis, 1993) . Like most peptide hormones, NPY is produced from a larger precursor via the sequential action of endoproteases, carboxypeptidase H, and peptidylglycine a-amidating monooxygenase. The latter steps of NPY biogenesis are well understood, but little is known about the protease responsible for endoproteolysis at the dibasic processing site (tyrosine-glycinelysine-arginine-serine) contained within proneuropeptide Y (pro-NPY). A family of subtilisin-related prohormone convertases (PCs) has been identified recently (Lindberg, 1991; Gotoh et al., 1992; Steiner et al., 1992; Bloomquist and Mains, 1993; Van de Ven et al., 1993; Seidah et al., 1994) . Two members of this family, PC1 (PC3) and PC2, are expressed primarily in endocrine and neuronal tissues. Manipulation of levels of PC1 and/or PC2 in AtT-20 cells leads to differential processing of pro-opiomelanocortin (POMC). PC1 performs the earliest cleavages and PC2 performs later cleavages, including several that are normally restricted to the intermediate pituitary (Benjannet et al., 1991; Bloomquist et al., 1991; Thomas et al., 1991; Zhou et al., 1993; Zhou and Mains, 1994) .
The processing of pro-NPY has been studied in primary neuronal cultures and in endocrine and nonendocrine cell lines after transfection (Marek and Mains, 1989; Dickerson and Mains, 1990; Wulff et al., 1993; May et al., 1995 (Acsadi et al., 1994 The viral plaques were screened by Western and/or Southern blot. The positive plaques were amplilied to achieve a viral stock of -1 X 10" pfuiml.
The viral preparations were purilied through cesium chloride gradient as described previously (Massie et al., 1995 
RESULTS
Convertase and large dense-core granule marker expression in SCG Northern blot analyses were used to investigate the expression of mRNAs for several different convertases, as well as several LDCV markers in the SCG from adult rats. The levels of expression found in the SCG were compared with the levels of expression in the anterior and intermediate lobes of the pituitary, two well characterized endocrine tissues specialized for the production, storage, and secretion of prohormones and their peptide products in LDCV (Mains and Eipper, 1990) . Marker signals were normalized to the levels of S26, a ribosomal protein with a transcript present at similar levels in many tissues (Vincent et al., 1993) . As expected, expression of dopamine P-hydroxylase and NPY mRNAs was limited to the SCG; these transcripts were absent from the pituitary tissues (Fig. 1) . Conversely, POMC transcripts were detected only in pituitary (Fig. 1) . The mRNA for the proprotein 7B2, thought to be a specific PC2 chaperone protein (Braks and Martens, 1994) , was prevalent in all three tissues, and the level found in the SCG was fourfold lower than that found in the anterior pituitary (Paquet et al., 1994) . Similar amounts of furin mRNA were found in the three tissues examined, whereas PACE4 message could barely be detected in the SCG and intermediate lobe of the pituitary (Fig. 1) . PC1 expression in the SCG was approximately half the level found in both pituitary tissues (Fig. 1) . PC2 expression was about threefold more abundant in the SCG than in the anterior pituitary, but c fivefold less than in the intermediate lobe of the pituitary (Fig. 1) . Because the furin distribution is ubiquitous and its substrate specificity does not match the pro-NPY cleavage site, it was not considered a putative candidate processing enzyme. Because -60% of the neuronal population in the SCG expresses NPY (Jarvi et al., 1986 ) experiments aimed at localizing the convertases PC1 and PC2 with respect to NPY were carried out.
Analysis of PC1 and PC2 steady-state localization in SCG Sections of ganglia from adult rats were double-immunostained for NPY and either PC1 or PC2. The results (Fig. 2) show a striking correspondence between the sites of NPY and PC2 expression; all of the PC2-positive neurons expressed NPY and vice versa. By contrast, expression of PC1 was much more widespread, with both NPY neurons and other neurons expressing PCl. The PC1 immunostaining was weak, and some staining was probably nonspecific, because staining was detected in the nucleus. It might be important for understanding pro-NPY processing that all NPY-positive neurons were also weakly positive for PCl. Using antisera raised against either a synthetic PC1 peptide or a bacterially expressed fragment of the PC1 protein, we have tried to optimize the immunodetection of PC1 proteins. In all cases, the staining was close to background (Fig. 2) , suggesting that the level of expression of PC1 was weak in adult SCG neurons. When we immunostained whole pituitary under the same conditions, the expected pattern of PC1 immunostaining was seen in all three lobes of the pituitary (Fig. 2) (Bloomquist et al., 1991; Day et al., 1992) .
Steady-state distribution of PC1 and PC2 in SCG primary cultures Primary cultures of SCG can be maintained without spinal or brain input or target cell contacts (Marek and Mains, 1989; Patterson and Nawa, 1993; Landis, 1994) . Under these conditions, NPY synthesis increases 30-fold between days 1 and 21 in culture to reach adult levels (Marek and Mains, 1989) . To determine whether the expression of prohormone-processing enzymes in these cultured noradrenergic neurons was similar to the pattern observed in viva, the expression of PC1 and PC2 in primary cultures was analyzed by indirect immunofluorescent staining. As in the live animal, all NPY-containing neurons also expressed PC2 (Fig. 3) . Interestingly, the PC2 staining was concentrated in the cell bodies, and the processes were barely visible. NPY and PC1 were also found together in neurons, but the PC1 staining was found more in the processes than the PC2 staining was. In stably transfected neuroendocrine cells, the staining of PC2 is largely restricted to a perinuclear location, whereas PC1 accumulates in secretory granules found at the ends of cellular processes (Zhou et al., 1995) .
Localization of NPY compared with synaptic vesicle markers and markers of cell polarity in SCG primary cultures The steady-state localization of NPY was investigated by indirect immunofluorescent staining of SCG primary cultures. In SCG neurons, a diffuse NPY staining pattern was found in the cell bodies, whereas a punctate or vesicular staining pattern was revealed along the entire length of the axon (Fig. 4) . The distribution of NPY in the neurons closely mirrored that of the vesicular markers synapsin and synaptophysin (Fig. 4) . In culture, SCG neurons appropriately segregate a variety of marker proteins, as do cultured hippocampal neurons (Craig and Banker, 1994) . One such marker, MAP-2, is found specifically in soma and dendrites. The distribution of both NPY and MAP-2 overlapped in the cell body (Fig. 4) ; no MAP-2 staining was observed colocalized with NPY along the axon.
Kinetics of conversion of pro-NPY in different cell systems Because transfected pro-NPY is cleaved efficiently in cells that express PC1 or PC2 (Dickerson and Mains, 1990; Wulff et al., 1993) and SCG neurons expressing NPY have detectable levels of both PC1 and PC2, we sought ways to distinguish the actions of the two enzymes. Based on studies of POMC biosynthetic processing, PC1 is activated much earlier in the secretory pathway than PC2 (Zhou et al., 1993; Lindberg, 1994; Zhou and Mains, 1994) . Removal of the PC1 prosegment occurs within a few minutes after its synthesis in the endoplasmic reticulum, whereas conversion of pro-PC2 to PC2 occurs in a post-Golgi compartment (Benjannet et al., 1993; Lindberg, 1994; Milgram and Mains, 1994; Zhou and Mains, 1994) . Furthermore, in the case of POMC processing, cleavages catalyzed by PC1 precede those catalyzed by PC2 (Schnabel et al., 1989; Zhou et al., 1993) . It was reasoned that the kinetics of processing of pro-NPY might provide a way to distinguish between the actions of PC1 and PC2. Cell lines expressing pro-NPY and PC1 or PC2 provided points of reference.
AtT-20 cells express high levels of PC1 and negligible amounts of PC2, and GH3 cells express PC2 but no detectable PCl. Both cell lines were stably transfected with vectors encoding pro-NPY. The rates of pro-NPY synthesis and maturation were compared among the SCG primary cultures and transfected AtT-20 and GH3 cells. In all three cell systems, after 15 min of pulse labeling, all NPY immunoreactive material was recovered as an 8 kDa molecule the size of pro-NPY (Fig. 5A) (not shown). In AtT-20 cells, half the pro-NPY was converted to mature NPY after 30 min of chase, and conversion was almost complete after 60 min of chase (Fig. 5B) . In contrast to AtT-20 cells, the kinetics of processing of pro-NPY was more delayed in GH3 cells, with negligible conversion at 30 min, and only 50% conversion of pro-NPY after 60 min of chase (Fig. 5B) . In SCG cultures, conversion of pro-NPY was negligible at 30 min, significant (40%) at 60 min, and nearly complete at 120 min of chase. Thus, the kinetics of conversion of pro-NPY in the SCG primary cultures was very similar to the kinetics of pro-NPY conversion in GH3 cells (Fig. 5B ). This result suggests that the most prevalent pro-NPY converting enzyme in SCG neurons has kinetic properties resembling those of PC2, the predominant convertase in GH3 cells. Another tool used to distinguish cleavages catalyzed by PC2 and PC1 is the 20°C temperature block (Griffiths et al., 1985; Griffiths and Simons, 1986; Arvan and Castle, 1992; Rothman and Orci, 1992) . In AtT-20 cells, PC1 catalyzes cleavages at a reduced rate at 20°C (Milgram and Mains, 1994) . In transfected AtT-20 cells expressing PC2, the additional PCZdependent cleavages are largely eliminated by the 20°C temperature block (Zhou and Mains, 1994) . Primary SCG cultures, AtT-20 cells, and GH3 cells expressing NPY were pulse-labeled at 37°C then chased at 37 or 20°C for 60 or 120 min. In Figure 6 , data are summarized showing that pro-NPY cleavage was markedly retarded by the 20°C chase (synuptophysin) or anti-synapsin (syrupsin) monoclonal antibodies. Note the NPY-positive but MAP-2-negative terminal arborizations near the cells at the left and at the bottom right of the figure. Scale bar, 100 +m.
in SCG neurons and GH3 cells. In contrast, in AtT-20 cells the cleavage of pro-NPY continued at a reduced rate and was substantially completed in 2 hr at 20°C. Control experiments showed negligible secretion from all three cell types at 20°C (data not shown). Although pro-NPY conversion was substantially retarded by a 20°C block in SCG neurons, it was much more efficient than in GH3 cells in which cleavage of pro-NPY was totally blocked. This result suggests that the contribution of PC1 to pro-NPY conversion is minor in SCG neurons at 37°C but that the accumulation of proteins in the frans-Golgi network (TGN) generated by a 20°C block favors catalysis by a PCl-like enzyme.
Modulation of PC1 and PC2 expression in SCG primary cultures To assess further the function of PC1 and PC2 in pro-NPY processing in SCG neurons, recombinant adenoviruses encoding PC1 and antisense PC2 were constructed. Control studies using a recombinant adenovirus encoding the E. coli LacZ gene indicated that >95% of the neuronal population could be infected under our experimental conditions (Fig. 7A) . When PC1 was overexpressed in SCG primary cultures, immunoreactive PC1 was found as two major bands corresponding to the active 87 kDa PC1 and the carboxy-truncated 66 kDa form (Fig. 7B) . Under our experimental conditions, overexpression of PC1 in the SCG primary culture was comparable to the steady-state level of PC1 expression in the anterior pituitary and substantially above the endogenous expression level (Fig. 7B) . After infection of SCG primary cultures with the PC1 virus, the rate of pro-NPY processing was increased to a rate comparable with that seen in pro-NPY-transfected AtT-20 cells (Fig. 7C; compare with Fig. 5B ). After 60 min of chase, 74% of the pro-NPY labeled during a 15 min pulse was already converted to its mature form (Fig. 7C) .
SCG extracts contain a low but detectable amount of PC2 protein (Fig. S) , unlike the situation for PC1 (Fig. 7B) . Thus, to assess the role of endogenous PC2 in pro-NPY processing in sympathetic neurons, an antisense RNA to PC2 was introduced into SCG primary cultures with an adenoviral vector. Because the expression of PC2 was low, immunocytochemistry was used to examine the effects of the antisense adenoviral vector on PC2 expression. In the presence of the antisense RNA to PC2, decreased staining intensity for PC2 was observed in a subset of the NPY neurons (Fig. 9A) . This decreased staining intensity correlated with a decrease in the conversion efficiency of pro-NPY into NPY (Fig. 9B) . The extent of processing of pro-NPY was slowed significantly over both a 1 hr and a 2 hr chase period (Fig. 9B) . After 1 or 2 hr chase incubations, the ratio of pro-NPY to mature NPY in the anti-PC2 cells was increased 138 t 13% (mean + SEM; n = 3) compared with the LacZ-or mock-infected cells.
DISCUSSION
One of the major problems associated with the study of neuropeptide synthesis and processing in primary neurons is that the neurons often may not produce sufficient material for biochemical analysis. As an alternative approach, immortalization of cell lines after retroviral oncogene transduction or of neural cell lines such as PC12 seemed very promising. Unfortunately, these neuronal cell lines often do not segregate dendritic versus axonal markers, and it seems that these cell lines do not undergo complete maturation, remaining instead at an early stage of differentiation Greene et al., 1991; Eves et al., 1992) . Thus, primary cultures offer major advantages for biochemical and immunochemical analyses of neuronal function.
One of the early criteria for the identification of a putative PC was that "the participation in prohormone cleavage requires demonstration that inhibition, inactivation, or mutation of the enzyme prevents cleavage in the intact cell" (Docherty and Steiner, 1982) . So far, such strong evidence has been obtained for endoproteases in only two cases, namely for a role of PC1 in POMC processing (Bloomquist et al., 1YYl) and of PC2 in the activation of proglucagon in pancreatic a-cells (Rouillk et al., 1994) .
Comparative kinetics argues that PC2 is the physiological pro-NPY-cleaving enzyme In this study, we examined the proteolytic processing of pro-NPY in sympathetic neurons derived from SCG. Northern blot dcmonstratcd that these neurons expressed both of the neuroendocrinespecific PCs, PC1 and PC2. By immunostaining, we demonstrated that PC2 expression was tightly linked to the NPYcrgic phenotype. Furthermore, PC2 mRNA was threefold more abundant in SCG than in the anterior pituitary, emphasizing the importance of PC2 in SCG function. By Northern blot, PCI mRNA was significantly lower than in the anterior pituitary, and PCI proteins were not detectable in SCG extracts by Western blot. A low level of staining for PCI was detected in NPY neurons and in some additional neurons in the ganglion. By using two model endocrine cell lines, one expressing primarily PC1 (AtT-20) and the other expressing mainly PC2 (GH3), we demonstrated that the kinetics of conversion of pro-NPY in SCG cultures was similar to the kinetics of conversion of pro-NPY in transfccted GH3 cells. In SCG primary cultures and GH3 cells, there was a lag time of -30 min, during which very little maturation of pro-NPY occurred. This probably represents the amount of time ncccssary for the pro-NPY molecules to reach the processing compartment. comparison, half of pro-NPY was already converted to NPY after 30 min of chase in AtT-20 cells. These results indicate that PC1 acts earlier than PC2 in the secretory pathway of endocrine cells and suggest that the neuronal pro-NPY processing enzyme has some properties of PC2. Although unlikely, this time course could also be explained by activation of PC1 in a post-Golgi compartment in sympathetic neurons.
Incubation of cells at 20°C is known to block the exit of proteins from the TGN (Griffiths et al., 1985; Griffiths and Simons, 1986; Arvan and Castle, 1992; Milgram and Mains, 1994) . In AtT-20 cells, pro-NPY processing was slowed but proceeded to 40% in 2 hr at 20°C whereas in GH3 cells the 20°C temperature block completely prevented the processing of pro-NPY. This is in agreement with Xu and Shields (1994) , who found that the processing of prosomatostatin in transfected GH3 cells was stopped by a 20°C incubation. The proteolytic processing of pro-NPY in SCG primary cultures was not entirely abolished by the 20°C incubation but was slowed substantially more than pro-NPY processing in AtT-20 cells. Because NPY-producing neurons have both PC1 and PC2, it is possible that accumulation of proteins in the TGN by a 20°C block allows the interaction of a PCl-like enzyme and pro-NPY. This suggests that the intracellular organelle in which pro-NPY conversion normally takes place is distal to the TGN, probably the immature vesicles. Taken together, these results suggest that PC2 is more likely to be the pro-NPY processing enzyme under physiological conditions. Use of adenovirus to manipulate the SCG cultures provides additional evidence for the physiological role of PC2 in pro-NPY processing The efficient delivery of foreign genes into postmitotic cells is becoming very important for studies of nervous system functions. Helper-independent-defective adenoviral vectors were constructed by deleting the El and E3 regions of the viral genome (Gluzman et al., 1982; Brett et al., 1993) . These viruses are incompetent to replicate in all mammalian cells except cell lines such as hEK-293, which constitutively express the El proteins (Graham et al., 1977; Gluzman et al., 1982; Brett et al., 1993) . To modulate the expression of different processing enzymes possibly involved in pro-NPY activation, we took advantage of the fact that adenovirus has the ability to transfer genetic material into neuro- Figure 3 . B, The kinetics of conversion of pro-NPY in SCG primary culture was analyzed after infection with the recombinant anti-PC2 adenovirus and compared with mock-infected and AdS.CMVLa& virus-infected cultures after a 2 hr chase incubation. Similar results were obtained in three similar experiments.
nal cells with negligible apparent toxic effects (Le Gal La Salle et al., 1993) . The size distribution of PC1 molecules in the AdS.PCl-infected SCG primary cultures was similar to that in the anterior pituitary. At steady state in the neurointermediate lobe of the pituitary, most of the PC1 immunoreactive material was found as the 66 kDa form. The overexpression of PC1 in neurons resulted in fast and efficient processing of pro-NPY, suggesting that the subcellular environment is compatible with an early action of PC1 within the secretory pathway. This suggests that if enough PC1 enzyme were produced endogenously in SCG neurons, the kinetics of conversion of pro-NPY would be faster and the low endogenous supply of PC1 was at least partially rate-limiting for the conversion of pro-NPY to NPY.
Although adenovirus can be used at multiplicity of infections (MOIs) in excess of 1000 without any deleterious effect in some cell lines (Davidson and Hassell, 1987) , other cells cannot tolerate MOIs exceeding 100-200 without toxic effect (our unpublished observations). Such was the case with the SCG neurons, which showed a dramatic decrease in total protein synthesis when infected at higher MOIs. It was not possible to increase the expression of the PC2 antisense construct further by increasing the MOIs. Nevertheless, when the expression of an antisense RNA to PC2 was induced in SCG primary cultures by a recombinant adenovirus, a moderate but specific decrease in the endogenous activity of PC2 toward pro-NPY was observed, despite marked effects on the level of PC2 in only a subset of neurons. Because the turnover of PC2 messenger RNA is relatively rapid (Bhat et al., 1993) , it is presumably important to achieve an excess of antisense RNA over endogenous PC2 mRNA to have an efficient effect on PC2 synthesis. As in many other antisense studies (Murray and Crockett, 1992; Mains, 1995) , the ideal goal of abolition of PC2 action was not achieved, but a significant diminution in the rate of pro-NPY processing was still achieved. Taken together, these results provide strong evidence for PC2 as the physiologically dominant pro-NPY-converting enzyme. The capacity of PC1 to cleave pro-NPY efficiently when overexpressed in SCG neurons might be of physiological importance. Indeed, SCG postmitotic neurons alter their neurotransmitter phenotype when grown in the presence of conditioned medium; the noradrenergic neurons can be induced to become cholinergic (Landis, 1994) . In addition to the cholinergic phenotype induction, expression of somatostatin, VIP, SP, and enkephalin-derived peptides is also induced by conditioned media (Nawa and Sah, 1990) . Although there is a major phenotype change from noradrenergic to cholinergic, NPY is maintained under these conditions (Marek and Mains, 1989; Patterson and Nawa, 1993) . These results suggest that the expression of neuropeptide and neurotransmitter is not necessarily coregulated. But in the long run, the expression of processing enzymes must be coordinated with the biogenesis of active peptides (as in the intermediate lobe of the pituitary; Bloomquist et al., 1991) .
